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Recent realizations of ultrathin freestanding perovskite oxides offer a unique 
platform to probe novel properties in two-dimensional oxides. Here, we observed 
a giant flexoelectric response in freestanding BiFeO3 and SrTiO3 in their bent state 
arising from strain gradients up to 4×107 m−1, suggesting a promising approach 
for realizing extremely large polarizations. Additionally, a substantial reversible 
change in thickness was discovered in bent freestanding BiFeO3, which implies an 
unusual bending-expansion/shrinkage and thickness-dependence Poisson’s ratios 
in this ferroelectric membrane that has never been seen before in crystalline 
materials. Our theoretical modeling reveals that this unprecedented flexural 
deformation within the membrane is attributable to a flexoelectricity–
piezoelectricity interplay. The finding unveils intriguing nanoscale 
electromechanical properties and provides guidance for their practical 
applications in flexible nanoelectromechanical systems. 
 
Electromechanical properties of functional materials play a significant role in 
electronic devices1,2. For perovskite oxides with unique electromechanical 
functionalities, strain engineering can stimulate significant electronic phenomena3-5, 
such as inducing polarization in the nonpolar material SrTiO3 and attaining a record-
high polarization value in PbTiO36,7. In contrast to a homogenous strain, a strain 
gradient is inversely proportional to the spatial scale and can increase by seven orders 
of magnitude when the system shrinks from macroscale (~1/m) to nanoscale (107/m)8. 
Therefore, flexoelectricity, the coupling between polarization and strain gradient, 
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becomes a significant and even dominant effect at this nanoscale, and hence, potentially 
induces novel physical phenomena that have attracted much attention9-11. However, the 
simultaneous implementation of strain and strain-gradient engineering is traditionally 
subject to the specifications of substrates or epitaxial conditions, which largely restrict 
the tunability and scalability of strains and strain gradients. The recently developed 
sacrificial buffer-layer technique using water-soluble Sr3Al2O6 (SAO) provides a 
reliable method to synthesize high-quality freestanding thin perovskite oxides12. The 
structural stability of these perovskite oxides such as BiFeO3 (BFO) and SrTiO3 (STO) 
has been demonstrated in previous work13. Benefitting from the excellent flexibility of 
these oxides14, nanoscale mechanical bending offers a new approach in strain and 
strain-gradient engineering. Given that the freestanding oxides are only a few 
nanometers thick, they are able to generate a huge strain gradient during bending, which 
may induce an ultrahigh polarization. Additionally, these unconventional low-
dimensional systems may stimulate other novel physical and mechanical responses via 
electromechanical coupling effects (i.e., piezoelectricity and flexoelectricity)8, similar 
to their bulk counterparts, which are known to exhibit a multitude of physical 
properties15. 
In addition to the novel strain-induced electrical properties of perovskite oxides16,17, 
recent studies have found some interesting mechanical properties arising from the 
interplay between piezoelectricity and flexoelectricity18-20 which implies that 
mechanical responses can be modulated via strain gradients. With this interplay in 
freestanding ultrathin films (several-unit-cell thickness), more interesting mechanical 
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phenomena are expected that may even require a rethink of classical elasticity theory 
of materials in the presence of a huge strain gradient (~107 m−1) at small scales. 
In this work, we report huge polarization enhancements in high-quality flexible 
freestanding perovskite oxides of polar BFO and nonpolar STO subject to ultra-high 
strain gradients up to 4×107 m−1, revealing that flexoelectricity plays a dominant role 
in determining the polarization at nanoscale. More interestingly, in addition to this giant 
polarization in BFO membranes, our results uncover unusual mechanical properties 
featuring bending-expansion/shrinkage and a hyperbolic-like distribution in Poisson’s 
ratio. This is beyond the realm of classical elasticity theory, in which thickness and 
Poisson’s ratio are assumed constant in bent single-phase membranes. Furthermore, a 
theorical model reveals these irregular mechanical phenomena to be governed by an 
interplay between flexoelectricity and piezoelectricity. Our results expose novel 
electrical and mechanical properties in bent freestanding perovskite oxides. Moreover, 
a new area of nanoscience is opening up allowing the tuning of electromechanical 
behaviors via giant strain gradients at the atomic scale that is crucial in the related 
research and potential applications of nano-electromechanical systems. 
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FIG. 1. Bending behavior of BFO and STO membranes. a, Scanning electron 
microscope (SEM) image of wrinkled freestanding BFO. Scale bar: 1 μm. b, Cross-
sectional STEM-HAADF image of a single wrinkle in (a). Scale bar: 100 nm. Inset 
indicates the unstrained state taken from region 1 (marked by red square), where the 
spontaneous polarization has an upward out-of-plane component (yellow arrow). c, 
STEM-HAADF images taken from the bent regions 2 (left), 3 (middle) and 4 (right) in 
(b). R represents the radius of curvature. The lattice begins rupturing from the external 
surface under 8% strain. Blue and yellow arrows indicate bending directions and the 
polarization distribution, respectively. Purple arrows represent the in-plane strain. Scale 
bar: 5 nm. d, Line profiles of the lattice spacings c and a, and the displacements of the 
Fe atomic columns δz across from the internal (IS) to external surfaces (ES) in (c). e, 
STEM-HAADF images of freestanding STO under 2%, 3%, and 8% strain. Under 8% 
strain, the lattice structure of internal surface begins to rupture. Scale bar: 5 nm. f, Line 
profiles of lattice spacings c and a, and the displacements of the Ti atomic columns δz 
across from IS to ES in (e). 
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Freestanding ultrathin BFO and STO (~6 nm thickness) with corrugations were 
fabricated (Fig. 1a) and further prepared as cross-sectional transmission electron 
microscopy (TEM) samples. Atomic-resolution scanning TEM high-angle annular 
dark-field (STEM-HAADF) images of BFO (Fig. 1c) and STO (Fig. 1e) were acquired 
from different strained regions. The lattice structures have maintained their integrity 
and continuity without any obvious rupture even under a giant strain up to 8% in both 
BFO and STO, indicating the high flexibility of freestanding thin perovskite oxides. We 
observed a huge strain gradient arising from a considerable change in the in-plane strain 
corresponding to variations in lattice spacings a (Fig. 1d, f) across the membrane in the 
nanometer range. Here, we call the surface of a bent membrane facing toward the center 
of curvature (Fig. 1c, e) the internal surface (IS), which is subject to compressive in-
plane strain (negative values), and the opposing surface the external surface (ES), which 
is subject to tensile in-plane strain (positive values). The maximum strain gradients of 
the BFO and STO membranes are up to ~3.7×107 m−1 and 4.3×107 m−1 respectively, 
which are nearly one order of magnitude larger than those generated in epitaxial films 
(105–106 m−1)9,10,21. Although similar strain gradients were observed just near the tip of 
an atomic force microscope (106–2×107 m−1)22,23, the uniformity of this huge strain 
gradient across the entire thickness range of the film is a unique property of the bent 
membranes which also offers better tunability in flexoelectric applications. 
The polarization evolution (marked by yellow arrows in Fig. 1c, e) in BFO and STO 
membranes are associated with lattice distortions. To understand the relationship 
between this enhanced mechanical strain/strain gradient and the corresponding 
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polarization at the nanoscale, quantitative probing of the polarization at single unit cell 
level is essential but remains challenging. Here, we used a widely accepted method 
assuming that the polarization in ABO3 perovskites is proportional to the off-centering 
displacement of the B site atom (δz) with respect to the center of four surrounding A 
site atoms24-26. A recently developed differential phase contrast method was applied to 
calibrate the polarization measurement27 and indicated that the former method is able 
to provide relative magnitudes and variational trends of polarizations faithfully for the 
following analysis. 
In ferroelectric BFO without bending, we found the off-centering displacement of Fe 
ions (δz-Fe) to be oriented diagonally and the magnitude of the out-of-plane 
displacement to be nearly uniform across the membrane (inset in Fig. 1b). However, 
after bending, this displacement is oriented along the thickness direction and decreases 
from the ES (tensile in-plane strain) to the IS (compressive in-plane strain); see Fig. 1c, 
d. For a bent freestanding STO, the Ti ions also undergo a displacement (δz-Ti) arising 
from flexoelectricity and increases with decreasing radius of curvature during bending 
(Fig. 1e, f). Interestingly, unlike the BFO case, displacement δz-Ti remains almost 
constant cross the membrane, instead of decreasing from the ES to the IS. 
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FIG. 2. Flexoelectric enhancement of membranes polarization. a, Out-of-plane 
polarization varied with z-axis relative locations from the internal (IS) to the external 
surfaces (ES). b, Linearity in the out-of-plane polarizations at neutral layers and their 
corresponding strain gradients. c, Linearity in the out-of-plane polarization gradient and 
corresponding strain gradients. d, Calculated proportions of different components 
(flexoelectricity, piezoelectricity and spontaneous polarization) contributing to the 
maximum polarization experimentally measured at outermost layers of bent BFO with 
three different strain gradients. 
 
With the B-site displacement measured from the STEM-HAADF images, we 
obtained the polarization distribution in bent freestanding BFO and STO membranes 
(Fig. 2a). Several features were noted: 1) the smaller the radius of curvature from 
bending, the larger the strain and strain gradient that subsequently produce larger 
polarizations in both BFO and STO; 2) the polarization distribution is nearly constant 
for STO but in BFO increases from the IS to the ES (the c/a ratio decreases from IS to 
ES because of a decrease (increase) in lattice spacing c (a)); and 3) the maximum 
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polarization occurs in a bent membrane with a minimum radius of curvature and 
possessing the largest strain and strain gradient. For example, for the 8.4%-strained 
freestanding BFO with the smallest radius of 31 nm (strain gradient up to 3.7×107 m−1), 
the maximum polarization reached was approximately 250±23.2 μC/cm2 in magnitude 
at the external layers (Fig. 2a). This magnitude is significantly larger than that in a 
tetragonal-like BFO film (130 μC/cm2)28. Note also that the giant polarization obtained 
here is even comparable to that acquired in PbTiO3 (236 μC/cm2), which is the largest 
polarization found in ferroelectric materials so far7. For bent STO with a radius of 
curvature of 27 nm (strain gradient up to 4.3×107 m−1), its polarization magnitude 
reaches ~86±6.1 μC/cm2, which is also larger than that found recently in a STO crack 
tip and attributable to flexoelectricity (62±16 μC/cm2)29. 
This giant polarization observed in these bent freestanding perovskite oxides is 
attributed to both piezoelectricity and flexoelectricity; in particular, the latter provides 
a major contribution in such extreme strain-gradient conditions. The total out-of-plane 
polarization 𝑃𝑃𝑧𝑧  origins from out-of-plane spontaneous 𝑃𝑃𝑠𝑠⊥ , piezoelectric and 
flexoelectric polarizations; that is, 𝑃𝑃𝑧𝑧 = 𝑃𝑃𝑠𝑠⊥ + ?̃?𝑒𝑧𝑧𝑧𝑧𝑧𝑧𝜀𝜀𝑧𝑧𝑧𝑧 + 𝜇𝜇�𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝜀𝜀𝑧𝑧𝑧𝑧,𝑧𝑧, where ?̃?𝑒𝑧𝑧𝑧𝑧𝑧𝑧 and  𝜇𝜇�𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧  are the coefficients of the effective transverse piezoelectricity and 
flexoelectricity, and εxx and εxx,z are the in-plane strain and its gradient along the z 
direction. In the calculations of polarizations and strain gradients throughout this work, 
we define the [001�] crystal direction of the membranes as the positive direction (Fig. 
1). 
For simplification, the neutral layers where the strain is zero (εxx = 0) are chosen in 
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the analysis of 𝑃𝑃z  and the strain gradient. The neutral layer polarization 𝑃𝑃z−NL 
changes linearly with the strain gradient (Fig. 2b); the slopes of the fitted lines are the 
coefficients of flexoelectricity 𝜇𝜇�𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧  and found to be −40.7 ± 6.3 nC/m and 
−20.0±0.9 nC/m for BFO and STO, respectively (the negative sign indicates that the 
direction of the flexoelectric polarization is opposite to the strain gradient and always 
points towards the center of curvature). The magnitude of these coefficients matches 
well with those of other ferroelectric materials predicted from first-principles methods11. 
The derived spontaneous out-of-plane 𝑃𝑃𝑠𝑠⊥ is −47.9 μC/cm2, which agrees well with 
STEM-HAADF results for unstrained BFO membranes (−54.3 ± 7.54 μC/cm2). 
Additionally, the coefficient of the effective piezoelectricity is obtainable from this 
model yielding ?̃?𝑒𝑧𝑧𝑧𝑧𝑧𝑧  = −12.4±0.4 C/m2 for BFO from the slope of the linear fitting 
between the polarization gradient and strain gradient (Fig. 2c). 
With these coefficients of the effective piezoelectricity and flexoelectricity for BFO, 
we are able to calculate the contributions to the total polarization associated with both 
piezoelectricity and flexoelectricity measured in the external layer (the layer where 
maximum polarization exists) with different strain gradients (Fig. 2d). Both 
piezoelectricity and flexoelectricity contribute significantly to the total polarization in 
addition to the spontaneous polarization 𝑃𝑃𝑠𝑠⊥ in bent BFO. In particular, when the 
strain gradient reaches 3.7×107 m−1, flexoelectricity offers more than 50% enhancement 
of the total polarization, equivalent to nearly three times that of spontaneous 
polarization. Therefore, because a bent membrane is capable of accommodating huge 
strain gradients, the induced flexoelectric polarization can be large enough to modulate 
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the localized polarization. 
With the absence of piezoelectricity, the bent STO has a uniform distribution in 
polarization across the membrane (Fig. 2a), unlike the bent BFO for which the 
distribution varies linearly with strain across the membrane arising from its 
piezoelectricity. 
 
 
FIG. 3. Mechanical behavior of bent BFO and STO membranes. a, Antisymmetric 
in-plane and (b) asymmetric out-of-plane strain distributions in bent BFO (R=31 nm) 
along the thickness direction. c, Hyperbolic-like trend in Poisson’s ratio bent BFO. d, 
Schematic of the theoretical antisymmetric in-plane and out-of-plane strain 
distributions in a bent membrane. e-f, Antisymmetric in-plane and out-of-plane strain 
distributions, respectively, for bent STO (R=27 nm) along the thickness direction. g, A 
near-uniform Poisson’s ratio in bent STO. h, Mean lattice spacing c as a function of the 
strain gradient in BFO and STO. 
 
The huge strain gradient in bent freestanding perovskites not only induces a giant 
polarization, but also drives an unusual “bending-expansion” behavior, as well as 
hyperbolic-like distribution in Poisson’s ratio. Classical elastic bending theory assumes 
that the in-plane and out-of-plane strains have linear antisymmetric distributions across 
the membrane (Fig. 3d). Indeed, the distribution of the in-plane strain εxx in BFO and 
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STO (Figs. 3a, e), as well as the out-of-plane strain εzz in STO (Figs. 3f), agree well 
with this theory despite the thickness of these membranes being only several 
nanometers. The in-plane strain gradient εxx,z also approximately obeys an inverse linear 
relationship with the radius of curvature. However, the out-of-plane strain distribution 
in BFO is found to be significantly asymmetric. (Figs. 3b). In consequence, this unusual 
distribution induces an abnormal change in membrane thickness under bending (herein, 
referred to as flexoexpansion or flexoshrinkage). The mean lattice spacing c in bent 
BFO indeed increases (flexoexpansion) under a positive strain gradient and decreases 
(flexoshrinkage) under a negative one (Fig. 3h), but remains constant in bent STO. This 
change in thickness is proportional to the strain gradient and the overall thickness of 
BFO increases by 7.1% as the strain gradient reaches 3.7×107 m−1. In addition to 
flexoexpansion or flexoshrinkage, an abnormal Poisson’s ratio is found that follows a 
hyperbolic-like trend bent BFO (Fig. 3c) that exhibits a sudden change near the neutral 
layer. For example, bent BFO with R=31 nm has a Poisson’s ratio of ~ ±10 near the 
neutral layer, whereas its bulk value is only ~0.430. To the best of our knowledge, this 
large change in Poisson’s ratio and its hyperbolic-like trend has never been observed in 
single phase solids. However, surprisingly, this hyperbolic-like trend does not appear 
in bent STO (Fig. 3g). 
To explain both the flexoexpansion/flexoshrinkage and the hyperbolic-like Poisson’s 
ratio in freestanding BFO, we developed a linear electromechanical model. Expressions 
for the thickness of the bent membrane h and Poisson’s ratio vzx are as follows: 
 , (1) , 0( 1)xx zh A hε= ⋅ +
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 , (2) 
 , (3) 
where ℎ0 denotes the thickness of the flat membrane; Sijkl, dijk, Fijkl, and kij denote the 
elastic compliance, piezoelectric, flexoelectric, and dielectric tensor, respectively. From 
equations (1) and (2), the thickness depends linearly on the strain gradient, and 
Poisson’s ratio displays a hyperbolic trend. These abnormal trends exhibit a dependence 
on coefficient A, which is nonzero only when the material manifests piezoelectric and 
flexoelectric effects simultaneously. Our model indicates that the interplay between 
flexoelectricity and piezoelectricity provides a biased electromechanical out-of-plane 
strain. This explains why BFO shows a flexoexpansion effect and hyperbolic Poisson’s 
ratio, but STO does not due to its lack of a piezoelectric effect.  
A value for the linear coefficient A of 2.0±0.4 nm for BFO was obtained by fitting 
equation (1) to the data (Fig. 3h). This value of A = 2.0 nm indicates that the thickness 
varies by 2.0% per 1×107 m−1 of strain gradients and also explains why flexoexpansion 
has never been observed at the macroscopic scale, on which the strain gradient normally 
is only of order 10 m−1. Using this A value, the hyperbolic-like Poisson’s ratio is well 
reproduced from this model (Fig. 3c). 
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FIG. 4. Flexoexpansion and flexoshrinkage effects in piezoelectric membranes. a-
f, Simulated bending deformation of piezoelectric membranes (5 nm thickness) with 
different bending expansion coefficients A=0.0 (a, d), 2.5 (b, e), and 5.0 (c, f) when 
bent upward (a-c) and downward (d-f), given that the out-of-plane spontaneous 
polarization (yellow arrow) points upwards. g-h, The flexoexpansion and 
flexoshrinkage effects observed in upward (g) and downward (h) bent BFO, 
respectively. i-j, Asymmetric out-of-plane strain distribution and hyperbolic-like trend 
in Poisson’s ratio along the thickness direction measured in downward-bent BFO (R=57 
nm) shown in (h). 
 
When the membrane is bending in the [001�] direction (i.e., positive z direction), the 
sign of the strain gradient εxx,z is reversed as the strain decreases along the [001� ] 
direction. Therefore, in accordance with equation (1), the thickness of the membrane 
narrows (flexoshrinkage). Both flexoexpansion and flexoshrinkage can be predicted 
from a theoretical perspective (Fig. 4a-f). In the experiment, we indeed, also found 
flexoshrinkage occurring in an oppositely bent BFO membrane (Figs. 4h), thereby 
validating our models. Interestingly, this asymmetrically distributed out-of-plane strain, 
as well as the hyperbolic-like Poisson’s ratio (Fig. 4i, j), are inversely symmetric with 
those for upwardly bent membranes (Fig. 3b, c). The expansion or shrinkage across the 
membranes in different bending directions indicates that the polar freestanding oxides 
possess an asymmetric bending rigidity, which must be taken into account in future 
studies and applications. 
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The freestanding perovskite oxides exhibit an exceptional flexibility and capability 
to accommodate a giant strain gradient. The flexoelectric response becomes so 
predominant in comparison with piezoelectricity at atomic scale, that strain gradient 
engineering offers another path toward manipulating electrical and mechanical 
behaviors in these strongly correlated two-dimensional materials as future potential 
building blocks in multifunctional flexible electronics31-33 and nanomachines2. We also 
discovered in experiments that the interplay between flexoelectricity and 
piezoelectricity leads to a hyperbolic-like trend in Poisson’s ratio and an asymmetric 
change in bending-thickness with respect to the sign of the spontaneous polarization in 
low-dimensional polar material. This flexoexpansion enhances the flexural stiffness, 
which is related to the membrane thickness, and this behavior is reversible by switching 
the polarization that induces flexoshrinkage. The thickness-dependent hyperbolic-like 
Poisson’s ratio may also induce the similar behavior as mechanical-gradient materials, 
even though their composition is homogenous. These unusual mechanical properties 
are expected to make BFO and other ferroelectric membranes effective smart 
mechanical materials18 and strongly influence nano-mechanical performances 
regarding, for example, vibration, fracture, and wrinkling modes that play a crucial role 
in applications of nano-electromechanical systems and three-dimensional self-
assembled nano-structures34,35. 
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